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(57) ABSTRACT 
A localised reduced lifetime region (1,25,41) is provided in 
a semiconductor device formed substantially of silicon. A 
predetermined concentration of carbon is provided in the 
region, and then the body is heated to incorporate a lifetime 
controlling impurity substantially Within the carbon region. 
It is believed that the association betWeen the impurity ions 
(MJ') and the carbon atoms (C) on silicon lattice sites 
produces C-M+ complexes With signi?cant capture cross 
sections. The carbon may be provided by addition during 
epitaxial groWth of silicon material, during bulk groWth of 
the silicon, or by implantation and/or diffusion. 
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SEMICONDUCTOR DEVICES AND THEIR 
MANUFACTURE 

[0001] The present invention relates to semiconductor 
devices and their manufacture, and more particularly to the 
incorporation of charge carrier lifetime controlling impuri 
ties into semiconductor poWer devices. 

[0002] In many types of semiconductor devices, it is, 
desirable to provide localised areas With short carrier life 
times relative to the remainder of the device. This may be 
achieved by the introduction of recombination centres. TWo 
methods typically used are the diffusion of lifetime control 
ling impurities such as gold or platinum and high energy 
particle irradiation. HoWever, it is dif?cult to control the 
recombination centre distribution obtained by diffusion of 
gold or platinum and it generally results in less than optimal 
“bath tub” concentration pro?les With feW recombination 
centres deep in the structure. The recombination centres 
produced using irradiation are mainly restricted to surface 
regions of the device. Also, the lattice damage caused by the 
high energy irradiation needed to create deep recombination 
centres is susceptible to annealing by subsequent heating 
even at loW temperatures, Which may reduce the long term 
stability of the device. A localised short carrier lifetime 
region Well beloW the surface is therefore dif?cult to obtain 
using either method. Furthermore, neither approach is suited 
to lateral masking because of the inevitable lateral spread 
during diffusion, and because any radiation that is energetic 
enough to penetrate deep into the silicon is hard to mask. 
Thus lateral con?nement of the recombination centres is 
problematic using either process. 
[0003] An example of a device in Which a localised 
distribution of recombination centres Would be particularly 
bene?cial is the P-i-N recti?er. Such devices are discussed, 
for example, in “PoWer Semiconductor Devices” by B. 
J ayant Baliga (1995), (hereinafter referred to as “Baliga”), at 
pages 153 to 182, the contents of Which are hereby incor 
porated herein as reference material. Lifetime control is 
described on pages 175 to 177 thereof, Where it is noted that 
a narroW distribution of recombination centres gives an 
improved trade-off betWeen forWard drop and reverse recov 
ery speed. HoWever, it is acknowledged that it is dif?cult to 
achieve such a distribution using the methods discussed 
above. There has thus been a long-standing and Widely 
recognised need for a viable solution to this problem. 

[0004] The article “In?uence of Carbon Concentration on 
Gold Diffusion in Silicon” by M. J. Hill (one of the present 
inventors) and P. M. Van Iseghem, published in the Pro 
ceedings of the Third International Symposium on Silicon 
Materials Science and Technology of the Electrochemical 
Society, 1977, Vol. 77-2, pages 715 to 725, investigated the 
homogeneity of gold diffusion in thick silicon slices for 
poWer devices. The distribution of diffused gold had been 
found to depend on many factors, including the source of the 
silicon. In the article, it is suggested that variations in carbon 
concentration across the silicon in?uence the gold distribu 
tion and that carbon levels varied Within the same grade of 
FZ silicon and also betWeen silicon from different manu 
facturers. 

[0005] It is an object of the present invention to provide 
improved control over the incorporation of lifetime control 
ling impurities into semiconductor devices. 
[0006] The present invention provides a semiconductor 
device having a semiconductor body formed substantially of 
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silicon, the body containing an active device area in Which 
charge carriers ?oW during operation of the device, and the 
active device area including a region having a predetermined 
concentration of carbon, Wherein a lifetime controlling 
impurity is provided in the body Which is substantially 
located in the carbon region. The inventors unexpectedly 
found that by introducing a predetermined concentration of 
carbon into a localised region of the active area of a device 
Where a reduced carrier lifetime is desired, it is possible to 
closely control the distribution of a lifetime controlling 
impurity there, substantially restricting it to a prede?ned 
location. This enables much greater control over carrier 
lifetime in different regions of device structures and there 
fore their operating characteristics and uniformity. 

[0007] The carbon atoms occupy lattice sites in the silicon 
of the semiconductor body. Although these atoms are elec 
trically neutral, the inventors believe that When larger impu 
rity atoms such as gold or platinum are introduced it is 
energetically favourable for these impurities to occupy lat 
tice sites adjacent to the smaller carbon atoms to reduce local 
lattice strain. The impurity becomes associated With the 
predetermined concentration of carbon. It is thought by the 
inventors that the association betWeen the impurity ions 
(MJ') and the carbon atoms (C) on lattice sites produces 
C-M+ complexes With signi?cant capture cross-sections. 

[0008] Typically, the concentration pro?le of the impurity 
in the carbon region substantially corresponds to that of the 
carbon, the carbon pro?le being predetermined and con 
trolled. Thus, the carbon may be employed to impose a 
speci?c pro?le on the impurity, according to the require 
ments of a particular device con?guration. The extent to 
Which the impurity is taken up by the carbon region may be 
controlled by careful control of the temperature the device is 
exposed to during its manufacture. Temperatures loWer than 
normally used for diffusion of a lifetime controlling impurity 
may be suf?cient to achieve the desired result oWing to the 
association betWeen the carbon atoms and the impurity. The 
reduced temperatures may provide a more con?ned overall 
impurity distribution. 

[0009] The carbon may be substantially laterally and/or 
vertically con?ned Within the semiconductor body. 

[0010] The invention further provides a method of manu 
facturing a semiconductor device having a semiconductor 
body formed substantially of silicon, the body containing an 
active device area in Which charge carriers ?oW during 
operation of the device, the method comprising the steps of 
providing a region in the active device area having a 
predetermined concentration of carbon, and heating the 
body such that a lifetime controlling impurity Within the 
body becomes substantially located in the carbon region. 

[0011] The carbon region may retain one or more lifetime 
controlling impurities. The “background” level of the one or 
more impurities generally present in a high temperature 
furnace (diffusing from the internal Walls, for example) may 
be suf?cient that the concentration thereof caused by the 
carbon provides the desired degree of localised lifetime 
control. OtherWise, the method may include the step of 
actively introducing the lifetime controlling impurity into 
the body prior to the heating step. 

[0012] The heating step may be carried out speci?cally to 
associate the impurity With the carbon region, or it may form 
part of another process, later in the fabrication of the device. 
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[0013] Carbon atoms may be provided in the semiconduc 
tor body of a device in several Ways. For example, they may 
be implanted and/or diffused in the body, before, during 
and/or after other high temperature processes. A mask may 
be used to laterally con?ne the implantation or to restrict the 
surface area exposed during diffusion of impurities into the 
body. Preferably, it is introduced during groWth of an 
epitaxial layer of silicon. This approach is relatively loW 
cost, and the distribution (that is, the concentration) of the 
added carbon vertically, and laterally Where appropriate, can 
be accurately controlled and may be restricted to a Well 
de?ned, discrete region or regions. In a further technique, 
the carbon is incorporated uniformly during bulk groWth of 
a silicon substrate. It may then provide greater control over 
the subsequent diffusion, and thus distribution, of a lifetime 
controlling impurity. 

[0014] Thus, using the techniques described herein, it is 
possible to introduce carbon into the semiconductor body of 
a device in a predetermined and controlled manner, to 
produce a desired carbon concentration pro?le in a localised 
region in the active area of the device. It may be preferable 
to add the impurity relatively late in the manufacturing 
sequence to minimise any alteration of its distribution by 
subsequent processes, although pinning of the impurity by 
the carbon Will tend to reduce its susceptibility to movement 
by later heating. 

[0015] An embodiment of the invention Will noW be 
described by Way of example and With reference to the 
accompanying schematic draWings, Wherein: 

[0016] FIG. 1 is a cross-sectional vieW of a recti?er area 
of a semiconductor body in accordance With the invention; 

[0017] FIG. 2 is a vertical doping pro?le of the recti?er 
area of FIG. 1; 

[0018] FIG. 3 is an alternative recti?er doping pro?le to 
that of FIG. 2, according to another embodiment of the 
invention; 
[0019] FIG. 4 is a cross-sectional vieW of a triac in 
accordance With the invention; and 

[0020] FIG. 5 is a cross-sectional vieW of part of a bipolar 
transistor in accordance With the invention. 

[0021] It should be noted that the Figures are diagram 
matic and not draWn to scale. Relative dimensions and 
proportions of parts of these Figures have been shoWn 
exaggerated or reduced in siZe, for the sake of clarity and 
convenience in the draWings. The same reference signs are 
generally used to refer to corresponding or similar features 
in modi?ed and different embodiments. 

[0022] FIG. 1 illustrates a poWer recti?er Which embodies 
the present invention. A lightly doped, epitaxial silicon layer 
11 of a ?rst conductivity type (n-type in this example) is 
provided over a heavily doped monocrystalline silicon sub 
strate 13, also of the ?rst conductivity type. Layer 16 is 
heavily doped With a dopant of the opposite, second con 
ductivity type (here it is p-type), to form a p-n junction 17. 
Electrodes are provided over the top and bottom major 
surfaces 19a, 19b, respectively, above and beloW the semi 
conductor body 19, With electrode 21 forming the cathode 
and electrode 23 the anode in this example. 

[0023] A laterally extending region or layer 25 is provided 
beloW and spaced from the p-n junction 17 Which has a 

Jul. 10, 2003 

higher concentration of carbon and gold atoms than the 
remainder of the recti?er area. This loW lifetime region close 
to the p-n junction serves to accelerate the recombination 
process at turn-off, Whilst affecting the forWard voltage drop 
of the device substantially less than a homogeneous gold 
distribution. 

[0024] Typically, the carbon concentration in the region 25 
is of the order of 1012 to 1016 atoms/cm3. Gold atoms are 
present in the region in a concentration of the order of 1011 
to 1013 atoms/cm3, for example. 

[0025] A method of manufacturing the device shoWn in 
FIG. 1 Will noW be described. Layer 11 is groWn epitaxially 
over the substrate 13. Its thickness depends on the reverse 
voltage rating of the device, and may typically be in the 
range of about 5 to 100 microns or more. During this 
process, once the thickness of layer 11 has reached a 
distance d above the substrate, carbon atoms are incorpo 
rated into the layer as its groWth progresses, until the 
thickness of layer 11 is increased by an amount t. Thickness 
t may be around 5 microns for example. The formation of the 
semiconductor body 19 is then completed Without the addi 
tion of carbon. Dopant of the second conductivity type may 
then be diffused into the semiconductor body 19 through the 
top major surface 19a to form layer 16. The distance s 
betWeen the p-n junction 17 and the carbon region 25 may 
typically be around 0 to 10 microns. 

[0026] Subsequently, gold atoms are diffused into the 
semiconductor body 19. Alternatively, the gold diffusion 
may be carried out simultaneously With diffusion of the 
second conductivity type dopant. The carbon atoms present 
in the body “pin” gold atoms Within region 25 so that the 
gold is substantially localised over a predetermined depth 
range. Finally, the electrodes 21 and 23 are formed over the 
top and bottom major surfaces 19a, 19b respectively using 
knoWn techniques. 

[0027] FIG. 2 shoWs an approximate vertical doping 
pro?le through the semiconductor body 19 of the poWer 
recti?er of FIG. 1, With the nett number of dopant atoms per 
unit volume, N, plotted against the vertical distance, x, from 
the top major surface 19a. The location of region 25 is 
indicated by shaded region 27 in FIG. 2 Within the lightly 
doped n-portion of the epitaxially groWn silicon layer. 
Region 27 represents the concentration of carbon atoms in 
the body 

[0028] FIG. 3 shoWs a similar doping pro?le to that of 
FIG. 2, having an alternative pro?le for the shaded region 
27‘ doped With carbon atoms. In this embodiment, both the 
carbon and gold atoms are diffused from the top major 
surface 19a of the semiconductor body 19. The region 27‘ 
extends from the top major surface to a depth beloW the p-n 
junction of the device. 

[0029] Whilst the recti?er described above has a p-type 
layer overlying an n-type drift region, the device may be 
manufactured With these conductivity types interchanged. 
HoWever, due to the higher mobility of electrons, an n-type 
drift region is generally preferable to provide better forWard 
recovery characteristics. 

[0030] It Will be appreciated that the techniques disclosed 
herein are applicable in various other devices Where a 
localised region of loWer carrier lifetime is desirable. For 
example, triacs and lifetime control therein are described in 
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Baliga at pages 322 to 331, the contents of Which are hereby 
incorporated herein as reference material. It is noted on page 
330 that the operating frequency of triacs may be increased 
by selective lifetime reduction. Whilst it is suggested that 
masked electron irradiation may be used to de?ne a suitable 
region, the present invention provides an alternative 
approach in Which standard photolithography and implan 
tation techniques may be used. Electron irradiation involves 
relatively high energies Which are more expensive and 
dif?cult to mask. A triac including a loW lifetime Zone is 
illustrated in FIG. 4, the con?guration of Which corresponds 
to the device shoWn in FIG. 6.55 of Baliga. Its structure Will 
not therefore be described in detail here. In short, it can be 
seen that this triac con?guration comprises tWo thyristors 31 
and 33 Which are integrated back-to-back in a semiconduc 
tor body 34 into a single monolithic structure. Typically, 
terminal 35 is used as the reference (ground) terminal and 
terminal 37 is connected to the load, Whilst terminal 39 
provides a connection to the gate electrode 43. 

[0031] A loW lifetime Zone is provided in the form of a 
region 41, doped With carbon and gold atoms. It extends 
vertically beloW the gate electrode 43 and betWeen the 
thyristors 31 and 33. This region may be formed by diffusion 
or implantation of carbon and then gold atoms through either 
or both the top and bottom major surfaces 34a, 34b, respec 
tively, of the semiconductor body 34. These processes are 
carried out before metallisation of the semiconductor body 
to form the electrodes of the device. The introduction of the 
carbon and gold is masked using knoWn techniques to 
con?ne the atoms laterally Within the semiconductor body. 
The same mask may be used for the incorporation of both 
species. 

[0032] A further application of the present invention is in 
bipolar semiconductor devices such as transistors and thy 
ristors. Inclusion of shorter lifetime regions in these devices 
to reduce the occurrence of secondary breakdoWn is 
described in US. Pat. No. 4,754,315 (our reference 
PHB33139), the contents of Which are hereby incorporated 
herein as reference material. FIG. 5 of the present speci? 
cation is substantially a reproduction of FIG. 1 of Us. Pat. 
No. 4,754,315, Which is one of the examples disclosed 
therein of a shorter lifetime region 1 incorporated in such a 
device. The techniques of the present invention may be 
employed to provide a shorter lifetime region to obtain the 
bene?ts described in Us. Pat. No. 4,754,315. 

[0033] The bipolar transistor shoWn in FIG. 5 has the Well 
knoWn structure of interdigitated emitter and base regions 2, 
4, and the Figure shoWs a section at right angles to one ?nger 
of the emitter region 2 and the surrounding base region 4 
Which are interdigitated. Insulating oxide layers 15 are 
provided betWeen the emitter electrode 3 and base electrodes 
14. Connection to the collector region 6 is made via a 
collector electrode 6A. 

[0034] A method for the manufacture of the con?guration 
of FIG. 5 is described in detail in Us. Pat. No. 4,754,315 
and so Will not be included here. It describes formation of 
the region 1 by argon ion implantation to create carrier 
recombination centres. This is carried out after deposition of 
the ?rst epitaxial layer 4A and before deposition of the 
second epitaxial layer 4B. According to the present inven 
tion, implantation or diffusion of carbon and then gold atoms 
is carried out at this stage instead of the argon implantation 
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step, using a suitable mask to con?ne the region laterally to 
be beloW the eventual location of the emitter 3. 

[0035] When the transistor is on, the active edges of the 
emitter region are the edges 20 closest to the base electrodes 
14. The boundaries of the current path from the emitter 
region active edges to the collector electrode 6A are marked 
by dashed lines 21. When the transistor is turning off, the 
extraction of carriers from the base region by the base 
electrodes, in a direction indicated by arroWs E, pinches the 
part of the base region through Which a transient current can 
?oW toWards the centre of the emitter region, With a con 
sequential pinch effect on the current path in the collector, 
and the boundaries of this pinched current path are marked 
by dashed lines 22. 

[0036] It Will be seen that the region 1 is placed Within the 
current path Which occurs during device turn-off and acts by 
causing carrier recombination to isolate the emitter region 2 
from the collector region 6 thus opposing the onset of second 
breakdoWn by causing the transient current to collapse. The 
depth of the region 1 and the concentration of recombination 
centres Within the region may be varied to tailor the effect of 
the region 1 to the likelihood of the onset of second 
breakdoWn at any part of a device structure. 

[0037] The techniques described herein may also be 
advantageously used in the manufacture of trench-gate 
poWer transistors. As disclosed in co-pending United King 
dom Patent Application No. 01274784 (of the present 
applicant), the contents of Which are hereby incorporated 
herein as reference material, sWitching losses may be 
reduced in such devices by incorporating a substantially 
intrinsic region beloW the trench Which extends from the 
bottom of the trench, substantially across the drain drift 
region toWards the drain contact region. Such a substantially 
intrinsic region may be created during the fabrication of the 
device after the trench has been etched into the semicon 
ductor body of the device but before the formation of a gate 
electrode in the trench. At this stage, implantation and/or 
diffusion of carbon and then gold atoms into the base of the 
trench Whilst the remainder of the substrate upon Which the 
atoms are incident is shielded using a suitable mask provides 
a region of recombination centres substantially laterally 
localised and con?ned beloW the trench. 

[0038] Further examples of semiconductor devices in 
Which the present invention may be employed to provide 
localised regions With reduced carrier lifetimes are described 
in DE-A-10014659, and EP-A-1098371, the contents of 
Which are hereby incorporated herein as reference material. 

[0039] From reading the present disclosure, other varia 
tions and modi?cations Will be apparent to persons skilled in 
the art. Such variations and modi?cations may involve 
equivalent and other features Which are already knoWn in the 
art, and Which may be used instead of or in addition to 
features already described herein. 

[0040] For example, reference has been made above to the 
use of gold or platinum atoms as lifetime controlling impu 
rities, and they are Widely used in this manner. Nevertheless, 
it Will be appreciated that a large number of other impurities 
knoWn in the art could be used to control carrier lifetime. 

[0041] Although claims have been formulated in this 
Application to particular combinations of features, it should 
be understood that the scope of the disclosure of the present 
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invention also includes any novel feature or any novel 
combination of features disclosed herein either explicitly or 
implicitly or any generalisation thereof, Whether or not it 
relates to the same invention as presently claimed in any 
claim and Whether or not it mitigates any or all of the same 
technical problems as does the present invention. 

[0042] The Applicants hereby give notice that neW claims 
may be formulated to such features and/or combinations of 
such features during the prosecution of the present Appli 
cation or of any further Application derived therefrom. 

1. A semiconductor device having a semiconductor body 
formed substantially of silicon, the body containing an 
active device area in Which charge carriers ?oW during 
operation of the device, and the active device area including 
a region having a predetermined concentration of carbon, 
Wherein a lifetime controlling impurity is provided in the 
body Which is substantially located in the carbon region. 

2. A device of claim 1 Wherein the concentration pro?le 
of the impurity in the carbon region substantially corre 
sponds to that of the carbon. 

3. A device of claim 1 or claim 2 Wherein the carbon is 
substantially laterally con?ned. 

4. A device of any preceding claim Wherein the carbon is 
substantially vertically con?ned. 

5. A device of any preceding claim Wherein the carbon 
region is located in an epitaXial layer. 

6. A device of any preceding claim comprising a poWer 
recti?er including a portion of a ?rst conductivity type 
overlying a portion of a second conductivity type, the 
portions de?ning a junction therebetWeen. 
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7. Adevice of claim 6 Wherein the carbon region includes 
at least part of the junction. 

8. Adevice of claim 6 Wherein the carbon region is located 
beloW the junction. 

9. A device of any of claims 1 to 5 comprising a triac 
including tWo thyristors Wherein the carbon region extends 
betWeen the thyristors. 

10. Adevice of any of claims 1 to 5 comprising a bipolar 
semiconductor device, Wherein the semiconductor body 
comprises an emitter region and a base region, Wherein the 
carbon region is provided Within the base region, substan 
tially beneath the emitter region. 

11. A method of manufacturing a semiconductor device 
having a semiconductor body formed substantially of sili 
con, the body containing an active device area in Which 
charge carriers ?oW during operation of the device, the 
method comprising the steps of providing a region in the 
active device area having a predetermined concentration of 
carbon, and heating the body such that a lifetime controlling 
impurity Within the body becomes substantially located in 
the carbon region. 

12. Amethod of claim 11 including the step of introducing 
the lifetime controlling impurity into the body prior to the 
heating step. 

13. A method of claim 11 or claim 12 Wherein the carbon 
is introduced during groWth of an epitaXial layer of silicon. 

14. A method of claim 11 or claim 12 Wherein the carbon 
is introduced during bulk groWth of a silicon substrate 
forming at least part of the semiconductor body portion. 

* * * * * 


